We examined whether apoptosis occurs in cardiomyocytes by hypoxia in vitro. Neonatal rat cardiomyocytes and nonmyocytes were cultured in 95% N2-5% CO2 atmosphere to produce hypoxic conditions. DNA fragmentation into integer multiples of the internucleosomal DNA length was observed in cardiomyocytes as early as 12 hours, whereas nonmyocytes did not show fragmentation of DNA up to 72 hours. DNA fragmentation of cardiomyocytes induced by hypoxia was also confirmed by nick-end labeling in situ. Messenger RNA for Fas antigen, a mediator of apoptotic cell death, was expressed in both cardio-
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Expression of Fas Antigen Messenger RNA in Cultured Neonatal Rat Cardiomyocytes Masato Tanaka, Hiroshi Ito, Susumu Adachi, Hajime Akimoto, Toshio Nishikawa, Takeshi Kasajima, Fumiaki Marumo, Michiaki Hiroe Abstract We examined whether apoptosis occurs in cardiomyocytes by hypoxia in vitro. Neonatal rat cardiomyocytes and nonmyocytes were cultured in 95% N2-5% CO2 atmosphere to produce hypoxic conditions. DNA fragmentation into integer multiples of the internucleosomal DNA length was observed in cardiomyocytes as early as 12 hours, whereas nonmyocytes did not show fragmentation of DNA up to 72 hours. DNA fragmentation of cardiomyocytes induced by hypoxia was also confirmed by nick-end labeling in situ. Messenger RNA for Fas antigen, a mediator of apoptotic cell death, was expressed in both cardio-P z rogrammed cell death is a selective process of physiological cell deletion in embryogenesis and normal tissue turnover and plays an important role in shaping morphological and functional maturity in a number of systems.1-3 Programmed cell death usually occurs via apoptosis, which is characterized by condensation of cytoplasm, loss of plasma membrane microvilli, segmentation of the nucleus, and extensive degradation of chromosomal DNA into oligomers of about 180 bp caused by activation of endogenous endonuclease.4-7 This DNA fragmentation is experimentally analyzable as a "DNA ladder" by gel electrophoresis and as a characteristic pattern of nucleic staining by nick-end labeling in situ. Recent studies have demonstrated that apoptosis is induced by many pathological conditions and chemical agents, such as irradiation, 23, 6 ultraviolet exposure,2,6 anticancer drugs,8-10 viral infection, and hyperthermia,14 in a variety of tissues. Ischemia of the heart, which is usually caused by reduction of coronary flow, induces the death of cardiomyocytes and replacement by fibrosis. Although this cardiomyocyte death is classically believed to be induced via necrosis, which is the mechanism of accidental cell death, its precise mechanism remains unclear. It has been recently reported that ischemia induces apoptotic death in the liver15 and in the brain16 in vivo. Thus, in addition to necrotic death, the mechanism of cardiomyocyte death may be involved in the apoptotic process. myocytes and nonmyocytes as revealed by Northern blotting and in situ hybridization. In hypoxic conditions, Fas messenger RNA levels in cardiomyocytes were upregulated by twofold over controls, whereas those of nonmyocytes were downregulated. These results indicate that cardiomyocyte death by hypoxia can occur via apoptosis and that Fas antigen may be associated with the mechanism of this apoptotic process. (Circ Res. 1994;75:426-433.) Key Words * apoptosis * Fas antigen * cardiomyocytes *nonmyocytes Fas antigen belongs to the tumor necrosis factor/ nerve growth factor receptor family,17"18 and apoptosis can be induced by Fas antigen-antibody interaction in various cell lines. 19 Although the Fas antigen messenger RNA (mRNA) is abundantly expressed in the heart as well as in the thymus, liver, ovary, and lung,18 its localization and function in the heart are not clear.
We have undertaken the present study to determine whether cardiomyocyte death occurs via apoptosis by hypoxia. To address these questions, we used cultured neonatal rat cardiomyocytes because this in vitro system can make us disregard the inflammatory cells, which may affect the results of the study. We evaluated DNA fragmentation in these cells by using gel electrophoresis and nick-end labeling. Furthermore, we investigated the Fas antigen mRNA levels in cardiomyocytes in hypoxic conditions to delineate the role of Fas antigen in the heart.
Materials and Methods Complementary DNAs
To prepare rat Fas antigen complementary DNA (cDNA), we performed a reverse transcriptase-polymerase chain reaction (RT-PCR) with rat cardiac mRNA using synthesized oligonucleotide primers encoding human Fas antigen,17 5-GACCCAGAATACCAAGTGCA-3' (positions 557 through 576) and 5'-TCTGTTCTGCTGTGTCTTGG-3' (positions 994 through 1013). These sequences of oligonucleotides have 100% and 90% homology with mouse Fas antigen cDNA,'8 respectively. A 436-bp fragment was obtained by RT-PCR and was subcloned into pCR II vector (InVitrogen Corp) (prFas2). The sequence of PCR product was analyzed by the dideoxy chain termination method using a Sequenase sequencing kit (United States Biochemical). The sequencing results revealed that the PCR product is identical to a part of rat Fas cDNA Cell Culture Primary cultures of neonatal rat cardiomyocytes were prepared by the method originally described by Simpson and Savion2' with minor modifications. 22 Briefly, the hearts from 1or 2-day-old Wistar rats (Japan Laboratory Animal) were minced and dissociated with 0.1% type II collagenase (Worthington Biochemical Corp). After dispersed cells were incubated on 100-mm culture dishes (Falcon Labware, Becton Dickinson & Co) for 15 minutes at 37°C in a CO2 incubator, nonattached viable cells were collected and seeded into collagen-coated 60-mm dishes (Koken Co, Ltd) (4x 105 cells per dish) or a slide chamber (Nunc Inc) (2x 1io cells per well). To prepare almost pure cardiomyocytes, cells were incubated in minimum essential medium (MEM) supplemented with 5% calf serum for 6 hours, followed by incubation in MEM supplemented with 5% calf serum and 10-6 mol/L cytosine arabinoside (Ara C) (Wako Pure Chemical Ind), which preferentially reduces the proportion of nonmyocytes. Myocytes were cultured with Ara C until 24 hours before hypoxia or normoxia, at which point we replaced MEM with 5% serum to MEM with 1% serum to limit fibroblast growth. Cultures of nonmyocytes were prepared as described previously.23 Subconfluent second passaged nonmyocytes cultured with MEM supplemented with 5% calf serum were used for the experiments. The immunohistochemical study with antisarcomeric a-actin antibody (Dakopatts) revealed that the culture of cardiomyocytes consisted of approximately 95% sarcomeric a-actin-positive myocytes, whereas the culture of nonmyocytes contained less than 1% myocytes. Hypoxic conditions were produced by placing the dishes with cultured cardiomyocytes or nonmyocytes in an air-tight incubator where normal air can be replaced by a gas mixture of 95% N2-5% CO2. The Po2 in the media reached a level of 10 to 15 mm Hg.
Northern Blot Analysis
Total RNA of neonatal rat cardiomyocytes or nonmyocytes was isolated by the guanidinium thiocyanate-phenol-chloro-form method24 using ISOGEN (Nippon Gene). RNA (20 gg) was size-fractionated through a 1.4% agarose gel in 0.7 mol/L formaldehyde and 20 mmol/L morpholinopropanesulfonic acid/5 mmol/L sodium acetate/i mmol/L EDTA. Northern blot hybridization was performed with hybridization buffer containing 50% formamide, 5 x Denhardt's solution, 100 gg/mL salmon sperm DNA, and 5x SSPE (0.75 mol/L NaCI/0.05 mol/L NaH2PO4/0.005 mol/L EDTA). 32p_ labeled cDNA probes were prepared by the random primer method. 25 The membranes (Managraph nylon; Micron Separations Inc) were washed twice with 5 x SSPE/10% SDS at room temperature, once with 2x SSPE/10% SDS at 37°C, and once with 0.2x SSPE/10% SDS at 37°C for 15 minutes each. Autoradiography was performed with Fuji RX film with an intensifying screen at -80°C. Autoradiograms were quantitated with BAS 2000 (Fuji Film Corp). Results were normalized to /3-actin expression.
In Situ Hybridization
A 436-bp rat Fas cDNA fragment was cloned into Bluescript II vector (Stratagene). Antisense and sense singlestrand cRNA probes were synthesized with digoxigeninlabeled UTP (Boehringer Mannheim) using T7/T3 RNA polymerase (Ambion). The slide chambers with cardiomyocytes or nonmyocytes were fixed with 75% ethanol-25% acetic acid for 30 minutes at 4°C and washed twice with PBS. The hybridization buffer contained 0.6 mol/L NaCI, 1 mmol/L EDTA, 10 mmol/L Tris-HCI (pH 7.6), 10% dextran sulfate, 0.25% SDS, 200 gg/mL tRNA, lx Denhardt's solution, 10 mmol/L dithiothreitol, and 50% (vol/vol) deionized formamide. Fifty microliters of the hybridization buffer containing either the antisense or the sense cRNA probe was applied to each section, followed by incubation in a moist chamber with 2x SSC and 50% formamide for 16 hours at 50°C. Then, the sections were washed in 2x SSC and 50% formamide for 30 minutes at 50°C and incubated with 20 pg/mL RNase A (Bochringer Mannheim) for 30 minutes at 37C. After washing in 2x SSC for 20 minutes and 0.2x SSC for 20 minutes twice at 50 C. immunological detection of digoxigenin was performed with DIG Nucleic Acid Detection Kit (Boehringer Mannheim).
Genomic DNA Extraction and Electrophoresis
At the end of each incubation period. cardiomyocytes or nonmyocytes were centrifuged at 150(k for 15 minutes. The pellet was resuspended in a Ivsis buffer containing lOt) mmol/L NaCI, 
Nick-End Labeling
To detect the DNA fragmentation in situ, nick-end labeling was performed by the method described by Gavrieli et a126 with minor modifications. Briefly, after incubation with and without oxygen, cardiomyocytes or nonmyocytes plated on slide chambers were fixed with 100% ethanol for 30 minutes at 4°C and washed twice with PBS. The slides were incubated with 2% H202 for 7 minutes for inactivation of endogenous peroxidase and were covered with 0.3 eu/gL terminal deoxynucleotidyl transferase (TDT, Boehringer Mannheim) and 0.04 nmol/gL biotinylated dUTP (Boehringer Mannheim) in TDT buffer containing 30 mmol/L Tris-HCI (pH 7.2), 140 mmol/L sodium cacodylate, and 1 mmol/L cobalt chloride for 90 minutes at 37°C. The reaction was terminated with buffer containing 30 mmol/L sodium citrate and 300 mmol/L NaCI. The slides were covered with 5% normal goat serum and were applied with horseradish peroxidase-conjugated streptavidin (Nichirei). Peroxidase was visualized using the chromogen 3,3'-diaminobenzidine and H202. Counterstaining was performed with hematoxylin.
Measurement of Cell Number
We examined the viability of cardiomyocytes using 2-(4iodophenyl)-3 -(4 -nitrophenyl)-5 -(2,4 -disulfophenyl)-2Htetrazolium, monosodium salt (WST-1; Dojindo Laboratories).27 This tetrazolium salt can produce highly colored and water-soluble formazan dye under reductive conditions, and this method has the same principle as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Cardiomyocytes (4x105 cells) were incubated with or without 95% N2-5% CO2 atmosphere for the indicated times. Then, cells were incubated in phenol red-free MEM containing 5 mmol/L WST-1 and 0.2 mmol/L 1-methoxy-5-methylphenazinium methylsulfate for 1 hour. The absorbance of an aliquot of supernatant for each culture was measured at 450 nm.
Results

DNA Fragmentation Induced by Hypoxia
Under hypoxic conditions with 95% N2-5% CO2 atmosphere, cultured neonatal rat cardiomyocytes contained fragmented DNA that produced a ladder of DNA bands representing integer multiples of the internucleosomal DNA length (about 180 bp) (Fig 1) .
Cardiomyocytes cultured in normoxic conditions showed no laddering of DNA up to 72 hours. The proportion of the fragmented DNA of cardiomyocytes was increasing in a time-dependent manner, indicating the apoptotic cell death of cardiomyocytes during hypoxia. We also measured the viability of myocytes at 24, 48, and 72 hours under hypoxic conditions by a cell-counting assay using WST-1. Hypoxia reduced myocyte viability in a time-dependent manner (89.1+3.8% at 24 hours, 32.6±6.1% at 48 hours, and 2.4±0.8% at 72 hours), whereas the myocyte viability did not change under normoxic conditions. By nickend labeling, a considerable number of cultured cardiomyocytes showed a distinct pattern of nuclear staining after 48-hour incubation under hypoxic conditions (Fig 2A) , whereas none of the cardiomyocytes without hypoxia were stained ( Fig 2B) . In the cultures of nonmzocvtecs. hypoxia could not induce the cleaxvage of genomic DNA after incubation of at least 72 hours (Fig 1) . Nick-end labeling also revealed no staining of nonmxleocxtcs under hypoxic conditionis (data not show n).
Fas Antigen mRNA
To explore the possibility that Fas antigen plavs a role in apoptosis in cardiac mvocxtes. we quantitated the abundance of its mRNA at various points after the :-ip exposure of these cells to) hxpoxiat. As showxn in Northc rm blot autitoraidiouranis (Fig 3) . ain abundant aImoLnt oft FLas antigen mRNA xxas detected both in cultured neonatal rat cairdiomiOCXc-tes and in nionimx OcX-tes under cointrol conditions. B\ in situ hbridization. antiscnse cRNA probes tor Ftas h\bridlized sttronglx xith almost all cells in both the culture oft cairdionmxoc-tes and nonmxocvtes (Fig 4A and 4C ). No significant sitnal xwas ohserxed xwith the sense eRINSA probe used as negatie control (Fig 4B and 4D) . affected differently in cardiomyocytes and in nonmyocytes (Fig 3) . In cardiomyocytes, the levels of Fas antigen mRNA were upregulated in a time-dependent manner by approximately twofold over control levels at 24 hours after hypoxia, whereas the levels of its mRNA did not change in cardiac myocytes grown under normoxic conditions. Because hypoxia induced apoptosis of cardiomyocytes as mentioned above, we could not obtain a considerable amount of total RNA of cardiomyocytes after more than 24-hour hypoxic exposure. In nonmyocytes, the levels of Fas antigen mRNA were downregulated up to approximately half the level of controls as early as 12 hours after hypoxic exposure.
Discussion
There are three distinct types of myocardial cell damage related to myocardial ischemia: infarct necrosis (coagulation necrosis), coagulative myocytolysis, and colliquative myocytolysis (failing death).28 "Infarct necrosis," which includes cell swelling and mitochondrial disruption, is widely observed in the heart exposed to severe ischemia. Furthermore, this type of myocardial injury is associated with inflammatory cell infiltration. On the basis of these morphological findings, the mechanism of this cardiomyocyte death is classically believed to be "necrosis." However, morphological characteristics apparently different from those of "infarct necrosis" can be observed in some sites of ischemic injury, usually around the sites of the infarct zone. It should be noted that this type of myocardial injury, called "coagulative myocytolysis," is not associated with massive polymorphonuclear infiltration. Taking into account a notion that apoptotic cell death is rarely accompanied by cell infiltration, these pathological findings led us to hypothesize that the death mode of cardiomyocytes under ischemic conditions may be involved in the apoptotic process. Recent reports from other laboratories that ischemia induced apoptosis in the liver15 and the brain16 support our hypothesis.
Apoptosis has been best characterized biochemically by the cleavage of genomic DNA into nucleosomal size fragments of 180 bp or multiples thereof, which are detected by gel electrophoresis as a DNA ladder.3 In cultured neonatal rat cardiomyocytes, DNA fragmentation into integer multiples of the internucleosomal DNA length was induced in hypoxic conditions. We have also detected DNA fragmentation in cardiomyocytes by use of nick-end labeling. This method is based on direct, specific labeling of DNA breaks in nuclei with terminal deoxynucleotidyl transferase. 26 Because it is difficult to recognize the morphological changes of apoptotic cells by light microscopy, this method is useful for detection of apoptotic cells in situ. Therefore, our results are in accord with a notion that hypoxia induces the process of apoptosis in cardiomyocytes. We found that the media of cardiomyocytes became slightly acidic in hypoxic conditions (pH 7.25 to 7.27). This acidification of media would be due to changes of metabolism in myocytes cultured in hypoxic conditions. We could not deny the possibility that acidification of the media influenced the death of myocytes in the present study.
We also observed that nonmyocytes, which mainly consist of cardiac fibroblasts, are resistant to hypoxic conditions. Although cardiac fibroblasts occupy only 25% of the structural space of the normal heart,29 they play an important role in replacement by fibrosis in the injured heart. In ischemic conditions, in which both cardiomyocytes and cardiac fibroblasts are exposed to hypoxia, the former die and latter proliferate. The proliferation of fibroblasts and its enhanced production of collagen leads the formation of interstitial fibrosis. Our results are comparable to this pathological consequence in hypoxic conditions, and an apoptotic mechanism may be responsible for the pathological death and replacement with interstitial fibrosis in the injured heart.
Fas antigen belongs to the family of cell surface proteins that includes nerve growth factor receptor, tumor necrosis factor receptor, B-cell antigen CD40, and T-cell antigen OX40. 17 The cells expressing Fas antigen can enter apoptotic cell death by stimulation of Fas antibody.19 Fas antigen mRNA is expressed in thymus, liver, heart, lung, and ovary in the mouse.18 It has been reported that Fas antigen plays an important role in the negative selection of autoreactive T cells.30 However, the function of Fas antigen in other tissues remains unclear. The results of Northern blot analysis and in situ hybridization in this study have clearly shown that Fas antigen mRNA is expressed in both cardiomyocytes and nonmyocytes. Furthermore, a divergent change of Fas antigen mRNA levels under hypoxic conditions in these two cardiac cell populations has been observed: Fas antigen mRNA increased in cardiomyocytes that died through an apoptotic process and decreased in the nonmyocytes that were resistant to hypoxic conditions. These results suggest that apoptosis of cardiomyocytes may be mediated in part by Fas antigen in hypoxia. However, the present study did not provide direct evidence of Fas-mediated cell death under hypoxic conditions. In summary, cultured neonatal rat cardiomyocytes but not nonmyocytes die through apoptosis under hypoxic conditions, and the mechanism of apoptosis in cardiomyocytes may involve Fas antigen.
